Abstract Very short-lived halocarbons of marine biogenic origin play an important role in affecting tropospheric and stratospheric chemistry. In recent years, more attention has been paid to tropical regions where the influence of strong convective forces is responsible for rapid uplifting of the volatile organohalogens from the open surface waters into the atmosphere. This laboratory-based study reports on three common tropical marine microalgae capable of emitting a range of short-lived halocarbons, namely, CH 3 I, CHBr 3 , CH 2 Br 2 , CHBr 2 Cl, and CHCl 3 . Chlorophyll a and cell density were highly correlated to the quantity of all five compounds emitted (p < 0.01). The diatom Amphora sp. UMACC 370 had a higher range of CH 3 I emission rate (10.55-64.18 pmol mg −1 chl a day , p < 0.01, respectively). Furthermore, iodine was the dominant halogen emitted in terms of total combined halide mass of all three species. Overall, the emissions of short-lived halocarbons were both species-and growth phase-dependent, highlighting the importance of considering cell physiological conditions when determining gas emission rates.
Introduction
Biogenic volatile halocarbons are important carriers of halogen radicals to the troposphere and the stratosphere. Very short-lived species (VSLS), such as iodinated (e.g., CH 3 I, CH 2 BrI, CH 2 ClI) and brominated compounds (e.g., CHBr 3 , CH 2 Br 2, CHBr 2 Cl) of oceanic origin, are released into the atmosphere and may be transported to the stratosphere when intense convection occurs in the troposphere (Kritz et al. 1993; Randel and Jensen 2013) . These halogen-containing organic compounds might, therefore, contribute to the reactive halogens that account for the catalytic destruction of the ozone layer (WMO 2014) . It is well established that brominated VSLS significantly contribute to stratospheric halogen loading, but the contribution of the shorter-lived iodinated compounds remains controversial (WMO 2014) . Both iodinated and brominated VSLS have the potential to affect tropospheric chemistry (Sherwen et al. 2016) .
Global emissions of CH 3 I are estimated to be 157-260 Gg I year −1 (Ziska et al. 2013; Stemmler et al. 2014) where some 240 Gg I year
, including 60 Gg I year −1 of CH 3 I, originates from open seawater and coastlines (Jones et al. 2010 ). Emission of short-lived brominated compounds such as CHBr 3 and CH 2 Br 2 from the open oceans has been estimated at 19-255 and 3-62 Gg Br year −1 , respectively (Liang et al. 2010; Liu et al. 2013) . The biological production of halogenated compounds by marine organisms (macroalgae) was first reported by Lovelock et al. (1973) . The production and emission of halocarbons are well described for some macrophytic algae (seaweeds) from polar and temperate regions (e.g., Manley and Dastoor 1987; Laturnus et al. 1995; Carpenter and Liss 2000; Abrahamsson et al. 2003; Weinberger et al. 2007 ). Halocarbon emission data for tropical seaweeds have been published more recently (Levine et al. 2007; Keng et al. 2013; Leedham et al. 2013; Mithoo-Singh et al. 2017) . Although seaweeds are recognized as important sources of halocarbons, their distribution is mainly in the littoral zones of rocky coastal regions, and these areas represent just 0.3% of the global ocean surface (Moore 2003) . Interest in alternate sources of biogenic halocarbon production has turned attention onto the widely distributed marine microalgae (phytoplankton) that may make a very substantial contribution to ocean-atmosphere fluxes. Leedham et al. (2013) estimated that VSLH originating from the tropics could contribute about 75% of the global halocarbon budget, which suggests that emissions from the open oceans, potentially contributed by marine microalgae, could be highly significant despite the low emission values reported. Sturges et al. (1992) were among the first to discover the involvement of microalgae in natural halocarbon production in reporting significant emissions of CHBr 3 by Arctic ice microalgae in the field. Subsequently, Tokarczyk and Moore (1994) reported on production of short-lived halocarbons (CHBr 3 , CH 2 Br 2 , CHBr 2 Cl, CH 2 ClI) in monospecific phytoplankton cultures isolated from polar and temperate zones. The emissions of volatile halocarbons by microalgae originating from polar and temperate climatic zones have been described in terms of different cell physiological growth stages (Tait and Moore 1995; Soemundsdóttir and Matrai 1998; Colomb et al. 2008; Brownell et al. 2010; Hughes et al. 2011) , irradiance (Moore et al. 1996; Hughes et al. 2006) , and elevated ozone level (Thorenz et al. 2014) . A compiled list of studies on halocarbon emissions by microalgae originating from different climatic zones was recently published (Lim et al. 2017) . Nonetheless, there is still a distinct lack of data for the emission of shortlived volatile halocarbons by tropical marine microalgae.
Intense tropical convective forcing has been proposed as a vehicle for the fast uplift of volatile compounds into the tropical stratosphere, especially over the oceans (Laube et al. 2008; Fueglistaler et al. 2009; Hossaini et al. 2015) . Deep tropical convective heating, particularly the deep overshooting convection which has the potential to increase with climate change, rapidly transports air masses lifting reactive halogen species directly up or above the troposphere. This may further amplify the adverse effect of VSLS on stratospheric chemistry (Pommereau 2010 Read et al. (2008) suggested that up to 50% of ozone destruction in the tropical tropopause could be due to halogen chemistry. However, reports on the contribution and impacts of short-lived halocarbon emissions by tropical microalgae remain scarce despite such information being necessary to improve understanding atmospheric and climate change. This paper represents the first report of a detailed batch culture study on halocarbon emission by tropical marine microalgae, with a focus on the relationship between halocarbon emissions and growth phase under controlled laboratory conditions. Microalgae are also seen as potential feedstocks for biofuel production, and it is possible that any future establishment of intensive microalgal farming, especially in the sunny tropics, might result in enhanced contributions to the biogenic halocarbon load arising from the oceans.
Materials and methods

Microalgal cultures
Three local tropical marine algal strains from the University of Malaya Algae Culture Collection (UMACC) were used for this study: the cyanophyte Synechococcus sp. UMACC 370 and the bacillariophyte Amphora sp. UMACC 370, both isolated from shrimp ponds connected to the Straits of Malacca in Kuala Selangor, Malaysia, and the chlorophyte Parachlorella sp. UMACC 245 isolated from the east coast waters facing the South China Sea in Terengganu, Malaysia. Stock cultures were grown in Provasoli Medium (Prov50) (CCMP 1996) under a 12-h light:12-h dark cycle and at a temperature of 25 ± 1°C in an incubator shaker set at 100 rpm (Protech, model GC-1050). Silicate (Na 2 SiO 3 .9H 2 O) was supplemented at 0.01 g L −1 to the culture medium for Amphora sp.
Irradiance level in the growth chamber was maintained between 30 and 40 μmol photons m −2 s −1 for all the cultures.
All cultures were maintained under axenic conditions using standard aseptic techniques; all glassware and growth media were sterilized by autoclaving (15 min at 121°C) before use. Lysogeny broth (LB) (Bertani 1951 ) agar plates were used to test and ensure the axenicity of the inoculum cultures.
Experimental setup
Starting cell density for the study A short preliminary study was conducted prior to the growth cycle experiment to determine the suitable cell density to ensure GC-MS detectable levels of a suite of volatile halocarbons. The optical density at 620 nm (OD 620 nm ) of cultures of the three microalgae was adjusted to 0.2, 0.3, and 0.4 at the start of the growth period of 4 days, prior to measurement of the halocarbons. The cultures were 150 mL in volume and in 250-mL conical flasks. They were incubated with shaking (100 rpm) at 25°C with an irradiance of 40 μmol photons m −2 s −1 on a 12-h light:12-h dark cycle. The procedure for halocarbon determination is given below (BGrowth cycle experiments^section).
Growth cycle experiments
All three microalgal cultures were grown in batch culture with a starting inoculum size of 10% of a log phase culture, standardized at an OD 620 nm of 0.4. Triplicate cultures of 150 mL volume were grown in 250-mL conical flasks in an incubator shaker (100 rpm) at 25°C with irradiance of 40 μmol photons m −2 s −1 on a 12-h light:12-h dark cycle.
Measurements were done every 2 days for 12 days of growth. Triplicate controls consisting of culture medium alone were set up and subsampled in the same way to enable calculation of net production of halocarbons. To calculate emission rates, the net concentration of each halocarbon was normalized to biomass, in terms of chlorophyll a (chl a) (pmol mg −1 day −1 ) and cell density (pmol cell −1 day
−1
). The emission rate was then normalized to 24 h. The formula to determine emission rate is as follows:
where emission rate = based on chl a (pmol mg
) or on cell density (pmol cell
) or hemocytometer cell density (cell mL ) incubation time = 4 h. Every 2 days, 60-mL aliquots of culture were removed from the triplicate flasks and transferred aseptically into centrifuge tubes, centrifuged (2415×g for 10 min) and replenished with 60-mL fresh medium. The samples were incubated air-tight for 4 h in 100-mL glass syringes. This incubation period was set to achieve a sufficient concentration of halocarbons for analysis. To allow normalization of the halocarbon concentration to biomass, an additional 40 mL of each culture was taken at the same time for biomass estimation using the methods described in the BCell biomass determination^section. The state of the cells was determined using PAM fluorometry (Hughes et al. 2011; Keng et al. 2013) . The value of the maximum quantum efficiency of photosystem II, denoted as F v /F m (where F v is the variable fluorescence measured as the difference between maximum (F m ) and minimum (F o ) fluorescence in dark-adapted culture), was measured using a Water PAM (Walz, Model: Water-Ed, Germany) before and after the gas-tight incubation period to indicate the cells' health. Samples from each culture were darkadapted for 15 min prior to F v /F m determination.
After 4 h of incubation, the cultures in the incubation syringes were gently mixed and filtered directly into second 100-mL glass syringe using a two-syringe plus filter system (0.2-μm Merck filter unit) to prevent ingress of air into the syringe. The filtered medium in the second syringe was used for halocarbon analysis.
Analysis of halocarbons
All halocarbon analyses were carried out using a purge-andtrap system developed by the University of East Anglia, UK (Hughes et al. 2006 ) equipped with an Agilent Technologies 7890A gas chromatograph (GC). The GC was fitted with a J&W 60-m DB-VRX capillary column (film thickness 1.40 μm; internal diameter 0.25 mm). The extracted medium subsamples that had been injected into the system were purged for 15 min using oxygen-free nitrogen (OFN) at a flow rate of 40 mL min −1 . Any aerosols or particles in the bypassing purged gas would be removed through the stuffed glass wool held in a glass tubing. Water vapor in the bypassing of the purged gas was removed through a molecular sieve followed by a counter-flow Nafion dryer (Perma-Pure) using OFN at a rate of 100 mL min −1 . The targeted compounds were then trapped and cryogenically focused synchronously purging in a stainless-steel tubing coil immersed in liquid nitrogen at a temperature of − 150°C, aided by a thermostated heating device for a total of 15 min.
Then to allow sample desorption, liquid nitrogen was quickly swapped with boiling water in a flow of high-purity helium at 1 mL min −1 via a heated (95°C) transfer line to the GC. As the run starts, the oven was initially held at 36°C for 5 min, followed by heating up to 200°C at 20°C min
, and lastly heated to 240°C at a rate of 40°C min
. The quantification and identification of the compounds were determined by an Agilent 5975C mass selective detector (MSD), operated in single ion mode. Data was collected between 4 and 18 min. Calibrations for all compounds were done using gravimetrically prepared liquid standards (Sigma-Aldrich) mixed in high-performance liquid chromatography-grade methanol (Fischer Scientific) injected into medium samples. The results of emissions and changes of halocarbon concentration against the phytoplankton-free controls were calculated based on 5-point calibration curves. Throughout the experiments, deuteratediodomethane (CD 3 I) (ARMAR Chemicals) and deuterateddiiodomethane (CD 2 I 2 ) (Sigma-Aldrich) of constant volume were injected into every medium sample before the halocarbon analysis as a way to monitor and correct for drift in the detector sensitivity (Hughes et al. 2006) . A loss of peak area from the internal standards due to the drift is corrected and equated to the original peak area as initially detected. Peak areas sourced analyte of interest, in this case short-lived volatile halocarbons detected from the samples or controls, were also corrected following the same ratio as the surrogate standards did. The relative response, halocarbon concentration, was then obtained from the calibration that plots concentration against integrated peak area (view supplementary data, Fig. S1 ).
Five halogenated compounds, namely, tribromomethane (CHBr 3 ), iodomethane (CH 3 I), trichloromethane (CHCl 3 ), dibromochloromethane (CHBr 2 Cl), and dibromomethane (CH 2 Br 2 ) were detected in the emissions of the three microalgae. , precision 7.9%.
Cell biomass determination
Biomass is estimated using bright-field Neubauer haemacytometer cell count (Marienfeld-Superior, Germany) under a light microscope (Vello et al. 2014 ). The chl a content was determined by harvesting the microalgal cells by Millipore filtration using filter paper (Whatmann GF/C, 0.45 μm). The chl a of the microalgae was extracted using acetone and left overnight 4°C in the dark (Vello et al. 2014; Strickland and Parsons 1968) . The absorption of the extract was measured at 665, 645, and 630 nm. Chl a was calculated using the formula:
where C a 11.6 (OD 665 nm )-1.31(OD 645 nm )-0.14(OD 630 nm ), V a volume of acetone (mL) used for extraction,
The specific growth rate (μ, day −1 ) for all cultures was based on calculated biomass (chl a and cell number) using the formula:
where N 2 is chl a or cell number at t 2 , N 1 is chl a or cell number at t 1 , and t 2 and t 1 are time periods within log phase (Strickland and Parsons 1968) .
Statistical analysis
Repeated measures ANOVA was used to test the significance (p < 0.01) of emission rate of all five compounds by three different microalgae, and one-way ANOVA was used to test the significance (p < 0.05) of emission rate among the five compounds followed by the post hoc Tukey test. Pearson product-moment correlation coefficient (r) was used to analyze the emission rate from the five detected compounds in terms of chl a, cell density, and both. Statistical analyses were done using the Statistica 8.0 software.
Results
Determination of suitable cell density
Only five halocarbons were detected in the emissions from the three microalgae Table S1 ).
Growth curves
The growth curves in terms of chl a (Fig. 1a-c ) and cell density ( Fig. 2a-c) indicated the exponential and stationary phases for all three taxa (Table 1 ) and allowed the calculation of the specific growth rates (Table 2) .
Photosynthetic efficiency as cell stress indication
Figure 3a-c shows the maximum quantum yield (F v /F m ) of the three microalgae over a period of 12 days before and after 4-h air-tight incubation. F v /F m values have shown prior to airtight incubation act as control level. The smallest difference in F v /F m before and after air-tight incubation ensured the production of halocarbons trapped during the incubation from cell culture was maximized while cell health remained unaffected or affected at its minimum by physiological stress created from the air-tight environment. Under ambient laboratory conditions, the healthy range of F v /F m for Synechococcus sp. UMACC 371, Parachlorella sp.245, and Amphora sp. 370 is within the range of 0.3-0.4, 0.5-0.7, and 0.5-0.7, respectively (Simis et al. 2012; Ng et al. 2014) . In general, the cells for all three cultures fall in the healthy F v /F m range as mentioned. In other words, the emission of halocarbons was not under the influence of cell stress from air-tight incubation.
Determination of halocarbon concentration
Figure 4a-e shows the mean concentration of five detected short-lived halocarbons emitted from the culture samples and controls in triplicates. The net concentration of each halocarbon was obtained by subtracting the concentration of the sample to the control. Such correction yielded positive and negative net concentration of halocarbons, whereby sample concentration that falls below concentration of the control was omitted as loss or consumption of halocarbons by cells. Concentration of the controls that falls below sample concentration was regarded as emission, which in this case is the focus of this study. See supplementary data for the emission ascribed to the microalgal cultures (view supplementary Fig. S2 ). To calculate the emission rate for each compound, the net production of halocarbons was used to normalize with chl a and cell density.
Emission rate of the halocarbons
Emission of the five detected halocarbon compounds was normalized to chl a (Fig. 5 ) and cell density (Fig. 6 ) to determine the emission rate. In general, the trend of emission rates of all five detected compounds for all three taxa across 12-day culture period in terms of chl a and cell density was in good agreement. The emission rates for all five compounds based on chl a and cell density as summarized in Table 3 ) over 12-day culture period. n = 3; error bars indicate standard deviation (p < 0.01) correlated. Amphora sp. UMACC 370 showed higher emission rate of CH 3 I, CHCl 3 , and CH 2 Br 2 in the exponential phase while higher emission rate of CHBr 3 and CHBr 2 Cl in both exponential and stationary phases. The emission rates of all five compounds for Synechococcus sp. UMACC 371 and Parachlorella sp. UMACC 245 were lower as compared to Amphora sp. UMACC 370. When data for total emission rates for all five compounds were pooled together as shown in Fig. 7 , Amphora sp. UMACC 370 showed higher emission rate percentage as compared to Synechococcus sp. UMACC 371 and Parachlorella sp. UMACC 245. Amphora sp. UMACC 371 showed significantly (p < 0.01) higher concentrations of CH 3 I emission as compared to Synechococcus sp. UMACC 371 and Parachlorella sp. UMACC 245. In other words, Amphora sp. UMACC 370 was clearly a stronger emitter of the five halogenated compounds, especially CH 3 I, as compared to the other two taxa based on chl a and cell density. Of the three brominated compounds, estimated emission rates for CHBr 3 were higher than CH 2 Br 2 and CHBr 2 Cl based on chl a in stationary phase across all three tropical marine microalgae. The estimated emission rates of CHBr 3 , CH 2 Br 2 and CHBr 2 Cl by Synechococcus sp. UMACC 371 based on chl a and cell density were higher in exponential phase than in stationary phase. Higher estimated emission rates based on chl a during stationary phase than in exponential phase were observed for CHBr 3 and CHBr 2 Cl both by Parachlorella sp. UMACC 245 and Amphora sp. UMACC 370, except for CH 2 Br 2 where emission rate during exponential phase was higher than its stationary phase. Amphora sp. UMACC 370 had at least approximately two times higher of CH 2 Br 2 , CHBr 3 , and CHBr 2 Cl emission rates during both exponential and stationary phases based on chl a. Chlorella sp. UMACC 245 had the lowest emission rates of all three brominated compounds during exponential phase compared to Synechococcus sp. UMACC 371. Higher emission rates in stationary phase than exponential phase based on chl a for the three brominated compounds were observed more obvious for Parachlorella sp. UMACC 245 as compared to Synechococcus sp. UMACC 371.
Emission rate at exponential and stationary phases
In this study, the estimated range of emission rates of each halocarbon that varied among the three microalgae suggested that the emission rates of each halogenated compound were species-dependent due to the different algal growth physiology at exponential and stationary phases. Higher emission rate for all five halocarbons during exponential phase than in stationary phase for Synechococcus sp. UMACC 371, Amphora sp. UMACC 370, and Parachlorella sp. UMACC 245 when normalized to chl a (except CHBr 3 and CH 2 Br 2 for the Parachlorella) and cell density suggests that the emissions of these halocarbons over 12 days of culturing were growth phase-dependent. None of the five halocarbons was found to be emitted in the same amount and concentration from the same microalgal species over the culture period, suggesting that the emissions of halocarbon may be strain-specific despite originating from the same microalgal species.
Axenicity of culture
All cultures were checked by culture on nutrient agar prior to start of experiment and shown to be free of bacterial contamination; hence, the net production of halocarbons observed relative to the subtraction of the controls is ascribed to the microalgal cultures.
Discussion
The VSLH detected in the microalgae were In the present study, halocarbon emission rates were higher at exponential phase in general for the three microalgae. Exponential phase cells are actively growing and in a healthy state. As the culture proceed to stationary phase, the cell growth slows down and eventually stops due to chemical and physical changes such as nutrients, irradiance, and increase in inhibitory compounds in the medium (Becker 1994) . pH increase in the medium (view supplementary data, Fig. S3 ), which may be due to consumption of the inorganic carbon source, would influence algal activity (Azov 1982; Ying et al. 2014 ). While it is often assumed that physiological stress does occur when microalgal cells transit from exponential to stationary phase due to limiting conditions and the stress would trigger haloperoxidase mechanism to produce more halocarbons (Moore et al. 1996) , the present study indicates otherwise. All five halocarbons detected by the three tropical microalgae were found to emit at higher rates at exponential phases, with exception of two brominated compounds, CHBr 3 and CHBr 2 Cl by Amphora sp. UMACC 370. Manley and de la Cuesta (1997) reported consistency of higher emission rates of CH 3 I at exponential for Navicula sp., Nitzschia sp., and Porosira glacialis from Bacillariophyta and Phaeocystis sp., a Chrysophyta. The higher emission rates at exponential phase may be explained as follows: (i) the tropical microalgal species used in the present study may be more tolerant to the stress of an aging culture, and the condition did not lead to increased production of the halocarbons. This might have to do with the low Bleakage^of hydrogen peroxide from the algal cells into the medium (Palenik et al. 1987; Wong et al. 2003) ; (ii) the exponential phase cells are actively metabolizing, allowing higher rate of methylation of haloperoxidase for halocarbon production, as compared to the cells that experience limiting conditions in stationary phase. The haloenzymes at healthy state may be less susceptible to inhibition at its active site that allows higher chance of methylation to occur. This suggests that a more detailed research has to be done on relating the change in physiological cell state with varying nutrient compositions such as sulfur, nitrogen, and phosphate that may affect the haloperoxidase mechanism; (iii) higher concentration of cells in stationary phase produced less superoxide per cell than those with lower density (Marshall 2002) . As oxidative radicals produced in the cells mediate the oxidation of halides present in the medium (Neidleman and Geigert 1986) , this suggests a possibility that lower algal cell density as measured by chl a and cell density during the exponential in this study enhances the production of halocarbons and ultimately the emission rates. It has been reported that algal cells at exponential growth can be more toxic than those in stationary or late exponential phase (Tang and Gobler 2009 ). The toxicity is caused by production of peroxidase and catalase that react with multiple compounds including organic hydroperoxides and lipid peroxides in cells. The enzymes can increase the rates of dismutation and decomposition reaction of other highly reactive oxidative species into hydrogen peroxide (H 2 O 2 ). Thus, H 2 O 2 surge in the cells from these reactions may be the cause to trigger halocarbon production (Tang and Gobler 2009 ).
In case of exception observed for CHBr 3 , CHBr 2 Cl where emission rates were higher at stationary phase, these brominated compounds may be more prone to be produced due to the physiological cell stress created from the limiting conditions during growth transition. Previous studies have shown an overall higher emission at stationary phase for iodomethane, CH 3 I (Scarratt and Moore 1999; SmytheWright et al. 2006; Brownell et al. 2010; Hughes et al. 2011) and brominated compounds, CHBr 3 , CH 2 Br 2 , and CHBr 2 Cl (Tokarczyk and Moore 1994; Moore et al. 1996) and each of these emissions was strain-specific. Nonetheless, the discrepancies of higher emission at exponential over stationary as compared to the present study may largely occur due to (1) non-normalized biomass emission. Emission for the brominated compounds and biomass such as algal cell density were calculated separately but not normalized which makes it difficult to compare with to the emission rates in this study. Emission rates were calculated in some of the previous studies, but were not possible to make comparison in terms of different growth phase, and another study compares lag and exponential phases but not stationary phase, (2) the difference in method used, such as gas-phase using head-space was used in many previous studies while water-phase using purge-andtrap system was used, and (3) it could just be that the emission rates of halogenated compounds were strain-specific. Brownell et al. (2010) While there is a consistency of CH 3 I emissions peak during the stationary phase for both cyanobacteria strains, the emission by Synechococcus sp. CCMP 2370 was at an order of five times higher than that from UMACC 371. The difference may be due to (i) incubation conditions where experiments done were under lower controlled temperature of 20-21°C, higher irradiance at 60-70 μmol photons m −2 s −1 and at nutrientreplete condition as compared to this study. It is assumed that biological processes affected by constant environmental factors such as differences in temperature, irradiance, and nutrients (Brownell et al. 2010) were responsible for the lower emission of CH 3 I by Synechococcus sp. UMACC 371, (ii) resultant physiological condition of the two cyanobacterial strains. The difference in starting cell density of inocula as well as chl a obtained during the same phase when maximum CH 3 I emission was achieved for both studies may contribute to the variance in emission. Hughes et al. (2011) made a similar report on CH 3 I emission by the temperate Synechococcus sp. CCMP 2370 grown at 22°C under light intensity of 40 μmol photons m −2 s −1 for over a total of 24 days, with exponential phase starting from days 4 to 16. The CH 3 I concentrations measured throughout the experiment range from 2 to 4 pmol L −1 which are close to the medium-only control, suggesting relatively low emission of the CH 3 I compound despite a long exponential phase. Table 5 summarizes CH 3 I emission by Synechococcus sp. from different climatic zones. As observed, the emission of this iodomethane is clearly strain-specific. In a similar study, Brownell et al. (2010) reported that the picophytoplankton species, Prochlorococcus marinus, emitted 2.1-2.4 fmol μg −1 chl a day −1 of CH 3 I. This is in good agreement with the emission range (1.04-3.86 pmol mg −1 chl a day −1 ) by Synechococcus sp.
UMACC 371 reported in the present study. In the present study, Amphora sp. UMACC 370, a Bacillariophyta had higher emission and emission rates, particularly CH 3 I (p < 0.01) as compared to the other two taxa from Cyanophyta and Chlorophyta. Manley and de la Cuesta (1997) also reported higher CH 3 I emission in both exponential and stationary phases from Bacillariophyta, as compared to species from the Chlorophyta, Chrysophyta, Cyanophyta, and Dinophyta, which further supports results from the present study of higher CH 3 I emission from the Bacillariophyta than Chlorophyta and Cyanophyta. Synechococcus, a Cyanophyta from present and previous studies (Manley and de la Cuesta 1997; Soemundsdóttir and Matrai 1998; Brownell et al. 2010; Hughes et al. 2011) , has consistently been shown as a weak emitter of CH 3 I, showing either low (close to control level) or no emission and brominated compound such as CH 3 Br with no emission.
From the total halogen mass emitted as halocarbons calculated in percentage over the course of 12-day growth period as summarized in Table 6 , the emission contribution from iodine dominates over bromine and chlorine for the taxa that emit the highest (Amphora) and second highest (Synechococcus) total combined halide mass. Calvert and Lindberg (2004) reported the potential influence of iodine-containing compound on tropospheric chemistry, where small amounts of iodinated compounds present in polar air mass containing representative of Br 2 -BrCl trace gas mixtures do significantly enhance ozone depletion. With significant concentration of CH 3 I observed in oceanic atmospheres (Blake et al. 1997; Yamamoto et al. 2001; Calvert and Lindberg. 2004) , it is possible that the contribution of iodine from biogenic sources like Amphora and Synechococcus may be significant over the tropical region. This encourages the local measurement of IO and precursor iodine-containing compounds as well as their interaction with currently acknowledged important trace gases like O 3 and BrO in the tropics for future studies and understanding. It should be noted that this study reports the emissions of short-lived halocarbons by a limited number of marine tropical microalgae under a limited range of conditions. Eight compounds (others include CH 2 BrI, CHBrCl 2 , CH 2 I 2 ) were screened while only five compounds (CH 3 I, CHBr 3 , CHCl 3 , CH 2 Br 2 , CHBr 2 Cl) were detected above the detection limit by GC-MS to calculate for the emission (rates). More data should be collected by studies on a wide array of marine tropical microalgae and further screened for a more complete regional data of short-lived halocarbons contributed by marine microalgae from the tropics. Our results provide the first report of halocarbon emission by monospecific marine microalgal cultures from the tropics. This contributes to the library of existing reports on halocarbon emission by phytoplankton from polar and temperate regions. Controlled studies where the algae are subjected to environmental stress either in the laboratory or on-site should be done for more accurate global scale normalization. Satellite-based modeling to obtain regional phytoplankton biomass such as chl a to normalize with extrapolated data from controlled studies will be helpful to establish a direct link of exact source to the emission of the halocarbons. Work is now under way to determine how much environmental stress such as varying irradiance levels, salinity, and temperature would affect the emission of halocarbons for the tropical marine microalgae.
In conclusion, the compounds CH 3 I, CHBr 3 , CHCl 3 , CH 2 Br 2 , and CHBr 2 Cl were shown to be emitted by tropical marine microalgae, Synechoccocus sp. UMACC 371, Parachlorella sp. UMACC 245, and Amphora sp. UMACC 370. Amphora was found to have higher emission and emission rates of the five short-lived halocarbons, especially CH 3 I (p < 0.01). The emission rates for the three tropical microalgae differ between the exponential and stationary phases, with higher emission rates at exponential phase. Results show that emission and emission rate of volatile short-lived halogenated compounds by the three tropical microalgae strains are not only strain-specific but also growth phase-dependent, which implies the significant role of cell growth physiological state when determining the emission rates.
